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This r e p o r t  was prepared by North Carolina S t a t e  Universi ty ,  Raleigh, 
North Carol ina,  on Nat ional  Aeronautics and Space Administration Grant 
NsG-588 
Dam9ge t o  Semiconductor Surfaces and t h e  Effects of t h i s  Damage on 
Semiconductor Device Performance". This work was adminis t ra ted under t h e  
d i r e c t i o n  of Langley Research Center,  Hampton, Vi rg in ia ,  with M r .  Chris Gross, 
t e c h n i c a l  monitor. 
"Theoret ical  and Experimental Studied of Radiation-Induced 
This r epor t  summarizes research  e f f o r t s  during t h e  per iod March 1, 1964 
t o  August 31, 1968. The work w a s  performed i n  t h e  Semiconductor Device 
Laboratory of t h e  Electrical Engineering Department. R .  W ,  Lade was 
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F. J .  Morris, C. L .  Hutchins and J .  R .  Bridges a l s o  cont r ibu ted  s i g n i f i c a n t  
work t o  t h e  research  performed under t h i s  g ran t .  
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ABSTRACT 
This r e p o r t  summarizes t h e  research  performed under NASA Grant NsG-588, 
"Theoret ical  and Experimental S tudies  of  Radiation-Induced Damage t o  Semi- 
conductor Surfaces and t h e  Effects of This Damage on Semiconductor Device 
Performance". 
areas. 
i n  previous r e p o r t s .  
dua l  research  p r o j e c t s  f i t  i n t o  t h e  o v e r a l l  ob jec t ives  of  t h e  research  
work and t o  summarize t h e  most important f ind ings  of  t h e  research .  
The research  e f f o r t s  have been concentrated i n  f i v e  major 
Details of t h e  ind iv idua l  phases of t h i s  research  have been repor ted  
The present  r epor t  a t tempts  t o  show how t h e  ind iv i -  
Two of t h e  research  p r o j e c t s  were concerned with t h e  measurement of 
surface p o t e n t i a l ,  su r f ace  recombination ve loc i ty ,  and t h e  effects of 
r a d i a t i o n  on these  parameters. 
e f f e c t  s o l a r  ce l l  has been demonstrated f o r  simultaneously determining 
both su r face  p o t e n t i a l  and sur face  recombination ve loc i ty .  Gamma i r r a d i a t i o n  
w a s  found t o  change t h e  su r face  recombination through changes i n  both su r face  
p o t e n t i a l  and i n  t h e  dens i ty  of recombination cen te r s .  
A new technique employing an MOS f i e l d -  
Three of  t h e  research  p r o j e c t s  were concerned with t h e  p rope r t i e s  and 
i r r a d i a t i o n  effects of semiconductors with s i l i c o n  dioxide and s i l i c o n  
n i t r i d e  i n s u l a t i n g  l a y e r s  on t h e  semiconductor. 
mainly by means of C-V measurements on meta l - insu la tor -s i l icon  devices.  
Si02, t h e  i n s u l a t o r  charge changes and sur face  state dens i ty  were s tudied  f o r  
gamma i r r a d i a t i o n .  S i l i c o n  n i t r i d e  i n s u l a t o r  l aye r s  were found t o  be un- 
s t a b l e  because o f  an e l e c t r o n i c  i n j e c t i o n  from t h e  semiconductor i n t o  t h e  
s i l i c o n  n i t r i d e  f i l m s .  This effect was s tud ied  i n  d e t a i l  and a model dev- 
eloped for t h i s  e l e c t r o n i c  type of i n s t a b i l i t y .  
These p rope r t i e s  were s tudied  
On 
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1, INTRODUCTION 
The subject of radiation effects on semiconductor materials and devices 
has been of interest since the early days following the invention of the 
transistor. 
outer space and in nuclear environments has fostered additional work con- 
cerning the effects of all types of irradiation on solid state materials 
and devices, The majority of the early studies on radiation were in the 
areas of: 1) Investigation of bulk material variations (induced lattice 
More recently the increased use of solid state devices in 
defects densities as a function of integrated dosage, reduction of bulk minority 
carrier lifetime effects, etc.) 
characteristic variations. 
line state-of-the-art devices. 
and 2) Studies of terminal volt-ampere 
The latter studies were generally an production 
Inprovements in solid state device technology within the past few 
years have made it possible to greatly reduce the physical size of solid 
state devices. With this size reduction, the semiconductor-surface inter- 
face has taken on a much more significant role in determining device perfor- 
mance. The Metal-Oxide-Semiconductor device relies completely on a thin 
conductive channel of charge at the semiconductor surface for its operation. 
These trends made it apparent at the beginning of this research that 
radiation effects to semiconductor surfaces and to any insulating layers 
on 
bulk radiation damage in determining device degradation in a radiation 
environment. 
effects of radiation on surface recombination and on oxide-semiconductor 
interfaces. Through the research supported by NASA in this study and through 
the research of other organizations, much is now known about the effects 
of radiation on surface recombination, and on semiconductor-insulator 
interfaces. 
the semiconductor were becoming as important or more imporrant than 
At the initiation of the study little was known about the 
2 
There are a wide range of  poss ib l e  sources which can be  used t o  s tudy 
r a d i a t i o n  effects. Elec t rons ,  protons,  and gamma rays  are t h e  most common 
types  of  r ad ia t ion .  
t o  concentrate  on i r r a d i a t i o n  damage due t o  gamma r a y s ,  
s e v e r a l  reasons f o r  t h i s .  
a v a i l a b l e  for t h e s e  s t u d i e s .  
gamma i r r a d i a t i o n  r e s u l t s  are easier t o  i n t e r p r e t  than i r r a d i a t i o n  r e s u l t s  
with charged p a r t i c l e s .  
only produce i r r a d i a t i o n  damage, bu t  they also d i r e c t l y  add charges t o  t h e  
material under s tudy.  This i s  p a r t i c u l a r l y  important f o r  surface s t u d i e s ,  
because i r r a d i a t i o n  e l ec t rons  can become trapped wi th in  an oxide i n s u l a t i n g  
l a y e r  on s i l i c o n  and remain trapped f o r  extended per iods of  t i m e .  
complicates t h e  i n t e r p r e t a t i o n  of experimental  r e s u l t s  because one has 
not  only i r r a d i a t i o n  damage but  also an effect due t o  t rapped i r r a d i a t i o n  charges.  
For t h e  purposes of t h e  present  work it was decided 
There were 
F i r s t ,  a g a m a  i r r a d i a t i o n  source was conveniently 
More important ly ,  however, i s  t h e  fact t h a t  
Charged p a r t i c l e s  such as e l ec t rons  or protons not 
This 
The i r r a d i a t i o n  used i n  t h i s  work w a s  suppl ied  by Cobalt-60 gamma r a y s  
from a "Gammacell 220" manufactured by Atomic Energy of Canada Limited. 
normalized spectrum of  t h e  energy i n  t h e  sample chamber of  t h e  Gammacell is  
shown i n  Figure 1. 
roentgens/hr  , which corresponds t o  a photon f l u x  of  approximately lox1 photons/ 
c m  /sec. 
S i l i con ,  with an atomic number of 14 ,  t h e  Compton effect is t h e  dominant 
mechanism by which gama rays  i n t e r a c t  with t h e  semiconductor c11. 
The 
5 The exposure dose rate w a s  approximately 2 x LO 
2 For t h e  G a m m a c e l l  photons, with a mean energy of  1 . 2 5  MeV, and f o r  
During t h e  e a r l y  phases of t h i s  work on r a d i a t i o n  damage t o  semi- 
conductor su r faces ,  it became apparent t h a t  it is d i f f i c u l t  t o  sepa ra t e  
surface effects completely from effects which are occuring wi th in  any 
i n s u l a t i n g  l a y e r  on t h e  semiconductor. Surface p rope r t i e s  such as su r face  
3 
4 
recombination, and surface state charge are d r a s t i c a l l y  influenced by t h e  
p rope r t i e s  of any in su la t ing  l a y e r  on t h e  semiconductor. 
influenced not  only by t h e  chemical and phys ica l  p rope r t i e s  of t h e  interface 
region between t h e  i n s u l a t o r  and semiconductor, bu t  they are a l s o  influenced 
by charges within t h e  in su la t ing  l aye r .  Surface p rope r t i e s  are thus g rea t ly  
inf luenced by t h e  in su la t ing  l a y e r  p rope r t i e s ,  and i n  many cases changes i n  
sur face  p rope r t i e s  from i r r a d i a t i o n  are determined almost e n t i r e l y  by i r r a d i a t i o n  
effects on t h e  in su la t ing  l aye r .  
done on s i l i c o n  with Si02 and S i  N 
They are 
The bulk of  t h e  present  research has been 
as t h e  i n s u l a t i n g  l aye r s .  3 4  
The importance of t h e  in su la t ing  l a y e r  became apparent from s t u d i e s  
of t h e  effects of gamma i r r a d i a t i o n  on steam-grown Si02, MOS devices ,  and 
a l s o  from s t u d i e s  of t h e  effects of  gamma i r r a d i a t i o n  on bulk and sur face  
recombination rates. 
t h i s  g ran t  has  been d i r ec t ed  a t  studying t h e  p rope r t i e s  of i n su la t ing  l aye r s  
of Si0 and Si3N4 on s i l i c o n .  
effects has now been obtained for Si0 
s i l i c o n  n i t r i d e  f i l m s  however, w e  are j u s t  beginning t o  understand t h e  
i n s t a b i l i t i e s  present  with these  f i l m s  and hopefully t o  understand how t o  
avoid these i n s t a b i l i t i e s  i n  in su la t ing  l aye r s  on semiconductors. 
Consequently much of t h e  later research e f f o r t  under 
A reasonably cons is ten t  p i c tu re  of i r r a d i a t i o n  2 
i n su la t ed  semiconductor regions.  For 2 
This research g ran t  has provided complete support  for t h e  Ph.D. research 
work of fou r  graduate s tudents  and p a r t i a l  support  f o r  one o the r  s tudent .  
Thesis t op ic s  f o r  t hese  f i v e  s tudents  are l i s t e d  below: 
1. "A Study of t h e  Effects of Co60 y-Radiation on Steam-Grown 
Si02 MOS St ruc tures  ," R. J . Mattauch, 1966. 
"Influence of Co60 Gamma I r r a d i a t i o n  on t h e  Bulk and Surface 
Recombination Rates i n  Si l icon",  M .  A.  L i t t l e john ,  1967. 
2. 
5 
3 .  "A Study of the Effects of the Surface Potential on the Surface 
Recombination Velocity at a Silicon-Silicon Oxide Interface," 
F. J. Morris, 1967. 
"Charge Transients in Aluminum-Silicon Nitride-Silicon Capacitors," 
C. L. Hutchins, 1968. 
4. 
5. "Electronic Instabilities in Metal-Insulator-Semiconductor Devices", 
J. R. Bridges, work still in progress. 
The majority of the research activity under this grant has been centered 
around these five areas. 
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2. SUMMARY OF RESEARCH PROJECTS 
The d e t a i l s  of t h e  research performed under NASA Grant NsG-588 are 
These d e t a i l s  are much too  lengthy t o  be contained i n  a s i n g l e  r epor t .  
contained i n  f i v e  previous r epor t s  c21  [SI  [4 l  C5l [SI .  
summarizes t h e  major r e s u l t s  of these  phases of  t h e  work. 
is r e f e r r e d  t o  t h e  previous r e p o r t s  f o r  d e t a i l s  of t h e  research.  
The present  chapter  
The reader  
2.1. The Effects of eo6' y-Radiation on Steam- 
Grown Si02 MOS St ruc tures  E21 C71 
This is t h e  i n i t i a l  research p ro jec t  undertaken on t h i s  grant .  The 
60 objec t  of t h e  research w a s  t o  study t h e  effects of Co gamma i r r a d i a t i o n  
on thermally grown steam oxides. 
was vigorous research a c t i v i t y  on t h e  b i a s  i n s t a b i l i t y  present  i n  thermal 
oxides,  and the  o r i g i n  of t h i s  i on ic  i n s t a b i l i t y  had not  been completely 
A t  t h e  i n i t i a t i o n  of t h e  study t h e r e  
es tab l i shed .  
of steam oxide MOS devices ,  and t h e  s tudy of t hese  devices as t o  ion ic  
Basical ly  t h i s  phase of t h e  research consis ted of t h e  f ab r i ca t ion  
i n s t a b i l i t y  and as t o  t h e  effects of gamma i r r a d i a t i o n  on t h e  devices.  The 
steam oxides were grown i n  a conventional r e s i s t ance  heated furnace using 
d i s t i l l e d  and deionized water as t h e  source f o r  t h e  steam. 
e lec t rodes  were appl ied t o  t h e  oxide,  and t h e  devices were f i n a l l y  mounted 
Aluminum ga te  
on TO-5 headers f o r  study. 
The q u a l i t y  and p rope r t i e s  of t h e  devices were s tud ied  by observing 
t h e  capacitance-voltage c h a r a c t e r i s t i c s  of t h e  devices.  Capacitance da ta  
w a s  obtained e i t h e r  by point-by-point measurements on a capacitance br idge 
or by an x-y recorder  using an unbalanced br idge as an ind ica t ion  of t h e  
capacitance.  
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Typical capacitance-voltage c h a r a c t e r i s t i c s  f o r  t h e  devices produced 
are shown i n  Figure 2. The curves i l lustrate  t h e  i o n i c  i n s t a b i l i t y  present  
i n  t h e  devices studied*. Curve (1) f o r  t h e  negative sa tu ra t ion  pos i t ion  
represents  t h e  l i m i t i n g  pos i t i on  of t h e  C-V curve after a l a r g e  negat ive 
b i a s  has been appl ied f o r  a long t i m e .  
b i a s ,  p o s i t i v e  ions  within t h e  oxide accumulate a t  t h e  metal ga t e  e lec t rode  
and have l i t t l e  inf luence on a r ap id ly  measured C-V curve. Curves ( 2 )  
through (5) correspond t o  a d r i f t  of p o s i t i v e  ions i n  t h e  oxide toward 
t h e  oxide-semiconductor i n t e r f a c e  following t h e  app l i ca t ion  of a p o s i t i v e  
b i a s .  
[SI [SI. 
be very near t h a t  of sodium i n  fused s i l i c o n .  
For such a l a rge  negat ive ga t e  
This behavior is t y p i c a l  of t h a t  observed by many inves t iga to r s  
The a c t i v a t i o n  energy f o r  t h e  pos i t i ve  ion  d r i f t  was found t o  
The effect of  gamma r a d i a t i o n  on t h e  C-V curve for an MOS device on 
p-type s i l i c o n  is shown i n  Figure 3 .  
curves corresponding t o  increas ing  gamma r a d i a t i o n  as given i n  T a b l e  1. 
There are two features of t h e  curves of Figure 3 .  
of t h e  C-V curve toward more negative bias vol tages  with increasing 
r ad ia t ion .  
t h e  oxide. 
increasing r a d i a t i o n ,  i . e . ,  t h e  t r a n s i t i o n  from maximum t o  minimum capacitance 
is more gradual  with increasing r ad ia t ion .  
t h e  dens i ty  of fast i n t e r f a c e  states with r ad ia t ion .  
The increas ing  numbers with t h e  
F i r s t ,  t h e r e  i s  a s h i f t  
This i nd ica t e s  a ne t  increase  i n  t h e  pos i t i ve  charge within 
Second, t h e r e  is  a changing s lope  on t h e  C-V curves with 
This i nd ica t e s  an increase  i n  
&For a complete discussion of t h e  various types of i n s t a b i l i t i e s  present  
i n  metal-insulator-semiconductor devices see Reference 6 .  
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Table 1. Co60 Radiation information for p-type device number 36-44. 
CV curve 
taken a f t e r  
i r r a d i a t i o n  
T i m e  of 
i r r a d i a t i o n  Exposure Tota l  
(minutes) (roentgens ) exposure 
1 
2 
3 
4 
5 
6 
7 
a 
9 
10 
11 
1 2  
1 3  
1 4  
1 5  
16 
0 
15  
1 5  
15  
30 
30 
30 
30 
30 
30 
60 
60 
60 
120  
120 
12  0 
0 
.5 x 1 0  r 
.5 x 10 r 
.5 x 10 r 
1.0 x 1 0  r 
1 .0  x 10 r 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
1.0 x 10 r 
1.0 x 10 r 
1.0 x 10 r 
1.0 x 1 0  r 
2.0 x 10 r 
2.0 x 10 r 
2.0 x 1 0  r 
4.0 x 1 0  r 
4.0 x 10 r 
4.0 x 10 r 
0 
.5 x 10 r 
1 .0  x 10 r 
1.5 x 10 r 
2.5 x 10 r 
3.5 x 10 r 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
4.5 x 10 r 
5.5 x LO r 
6.5 x LO r 
7.5 x 1 0  r 
9.5 x 1 0  r 
11.5 x 10 r 
13.5 x 1 0  r 
17.5 x 1 0  r 
21.5 x 1 0  r 
25.5 x 1 0  r 
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Simi lar  curves f o r  an MOS device on n-type s i l i c o n  are shown i n  
Figure 4. 
device.  These f e a t u r e s  are a s h i f t  of  t h e  C-V curves toward more 
negat ive g a t e  vol tages  ind ica t ing  a ' i n&feaseo fpos i t i ve  charge i n  t h e  
oxide,  and a decrease i n  s lope  of  t h e  C-V curve ind ica t ing  an increase  
i n  su r face  s ta te  dens i ty  with r ad ia t ion .  
S imi la r  t r ends  are observed f o r  t h i s  device as f o r  t h e  p-type 
The su r face  state dens i ty  as a func t ion  of sur face  p o t e n t i a l  is  
shown f o r  t h e  two devices i n  Figures 5 and 6.  These sur face  s ta te  densi ty  
ca l cu la t ions  were c a r r i e d  out  on t h e  bas i s  of t h e  method of Zaninger and 
Warfield [lo]. 
su r face  s ta te  dens i ty  by about an order  of magnitude from 10 
The gamma r a d i a t i o n  is seen t o  have increased t h e  
11 2 /cm -ev t o  
12  2 6 1 0  /cm -ev after an exposure of 3.6 x 1 0  roentgen. It  was found t h a t  
t h e  r a d i a t i o n  induced increase  i n  su r face  s ta te  dens i ty  could be ess- 
e n t i a l l y  e l iminated by annealing t h e  devices at  75OC f o r  15  minutes 
with a -3.0 v o l t  b i a s .  
are cons i s t en t  with i r r a d i a t i o n  r e s u l t s  obtained by o the r  researchers  
on oxide devices.  
The r e s u l t s  obtained i n  t h i s  phase of t h e  work 
Annealing experiments a l s o  ind ica ted  an i n t e r e s t i n g  effects of 
r a d i a t i o n  on t h e  non-dr i f tab le  charge within t h e  oxide.  
a negat ive gate b i a s  f o r  an extended per iod  of  t i m e ,  t h e  mobile i o n i c  
charge wi th in  t h e  oxide i s  d r i f t e d  t o  t h e  metal i n t e r f a c e .  
it makes l i t t l e  cont r ibu t ion  t o  t h e  f l a t  band vol tage.  
oxide devices s t i l l  genera l ly  have a ne t  p o s i t i v e  oxide charge. 
of t h i s  charge is  somewhat uncer ta in  although s i l i c o n  ions have been pos tu la ted  
as t h e  charge spec ies  E l l ] .  
By applying 
A t  t h i s  po in t  
When t h i s  is accomplished, 
The o r i g i n  
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Table 2. Co60 r a d i a t i o n  information f o r  n-type device number 14-45. 
CV-curve Time of 
taken after i r r a d i a t i o n  Exposure Total 
exposure (minutes 1 ( roentgens)  exposure 
0 
1 5  
15  
30 
15  
15  
45 
0 0 
5 5 
5 5 
5 5 
5 5 
5 5 
5 5 
- 5  x 10 r .5 x 10 r 
.5 x 10 r 1 . 0  x 1 0  r 
1.0 x 10 r 2.0 x 1 0  r 
.5 x 1 0  r 2.5 x 1 0  r 
.5  x 10  r 3.0 x 10 r 
1.5 x 1 0  r 4.5 x 1 0  r 
The e f f e c t  of r a d i a t i o n  on t h i s  immobile p o s i t i v e  charge i s  shown i n  
Figure 7. 
a l l  mobile i o n i c  charge is d r i f t e d  t o  the  ga t e  e lec t rode .  A f t e r  irra- 
d i a t i o n ,  t h e  device w a s  annealed a t  75OC with a -3.0 v o l t  b i a s  for 
1 0  minutes and then  t h e  C-V curve shown i n  Figure 7 taken. 
times a r e  given i n  Table 3 .  
f i c a n t  reduct ion i n  t h e  non-drif table  component of  oxide charge. This 
i s  i n  sharp con t r a s t  to t h e  s h i f t  of  t h e  C-V curves following i r r a d i a t i o n  
and without t h e  high temperature, negat ive b i a s  annealing procedure. 
The negat ive s a t u r a t i o n  curves are simply t h e  C-V curve af ter  
I r r a d i a t i o n  
I r r a d i a t i o n  is  seen t o  produce a very s ign i -  
The work performed i n  these  experiments and t h e  work of o the r  
i n v e s t i g a t o r s  has now provided a f a i r l y  complete p i c t u r e  of gamma irra- 
d i a t i o n  effects on steam oxide MOS devices.  
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Table 3. Co60 i r r a d i a t i o n  information f o r  device 14-41: 
see Figure 7 -  f o r  device curves 
CV-curve T i m e  of irra- Exposure To ta l  
taken after d i a t i o n  (min- ( roentgens)  exposure 
i r r a d i a t i o n  U t e s  1 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
0 
1 
2 
3 
2 
2 
60 
470 
600 
720 
0 0 
3 
3 
4 
4 
4 
5 
6 
6 
6 
1.97 x 1 0  1 ,97 x 1 0  
3.44 x 1 0  5.37 x 1 0  
5.91 x 1 0  1 . 1 2  x 1 0  
3.44 x 1 0  1.47 x 10 
3.44 x 1 0  1.81 x 1 0  
2.00 x LO 2,18 x 1 0  
1 ,5J  x 1 0  1.78 x 1 0  
2.00 x 1 0  3.78 x LO 
2.40 x 10 6.18 x 10 
2,2,  The Inf luence of Co60 G a m m a  I r r a d i a t i o n  
on t h e  Bulk and Surface Recombination Rates 
i n  S i l i c o n  E31 C121 
A t  t h e  beginning of t h i s  research ,  t h e  effects of r a d i a t i o n  on bulk 
recombination rates had been s t u d i e s ,  bu t  l i t t l e  was known about t h e  
effects of  r a d i a t i o n  on su r face  recombination rates, S i l i c o n  was chasen 
as t h e  material t o  s tudy because of i ts  dominant use i n  semiconductor 
devices.  The technique of photoconductive decay i n  rec tangular  semi- 
conductor f i laments  was used t o  measure t h e  bulk and su r face  l ifetime 
and su r face  recornbination ve loc i ty  of 100 ohm-cm n-and p-type f loa t  
zone r e f i n e d  s i l i c o n  doped with phosphorus and boron respec t ive ly .  
18 
Surface and bulk cont r ibu t ions  t o  f i lament  l i f e t i m e  were separa ted  through 
t h e  use of samples which were similar with r e spec t  t o  bulk p rope r t i e s  but  
which had d i f f e r e n t  surface t rea tments ,  
were used for  su r face  lifetime measurements were chemically pol ished with 
an e t c h  s o l u t i o n  cons i s t ing  of  90% hydrof lour ic  ac id  and 10% n i t r i c  ac id ,  
The normal e tch ing  t i m e  w a s  t e n  minutes. 
The sur faces  of t h e  ba r s  which 
A diagram of  t h e  experimental  se tup  used t o  measure lifetime by t h e  
photoconductive decay technique is Shown i n  Figure 8. 
generator  genera tes  an exponent ia l ly  decaying vol tage of known t i m e  constant .  
This is compared with t h e  s i g n a l  from t h e  s i l i c o n  sample, and t h e  t i m e  
constant  of t h e  exponent ia l  generator  ad jus ted  u n t i l  t h e  two s i g n a l s  have 
t h e  same decay constant., The lifetime is then equal  t o  t h e  t i m e  constant  
of  t h e  exponent ia l  genera tor  s igna l .  This technique has been found t o  be 
The exponent ia l  
a very convenient and r e l i a b l e  technique f o r  lifetime measurements. 
In  s tudying su r face  l i f e t i m e  a c a r e f u l  examination was made of t h e  
normal model of su r face  recombination a t  a d i s c r e t e  su r face  l e v e l  and i n  
t h e  b a s i c  d e f i n i t i o n  of  su r face  lifetime. When space charge regions are 
loca ted  a t  semiconductor su r faces ,  it w a s  found t h a t  t h e r e  i s  a cont r ibu t ion  
t o  su r face  l ifetime i n  add i t ion  t o  t h e  normal recombination at  surface 
states, This arises because of recombination wi th in  t h e  surface space 
charge region,  and t h e  effect is espec ia l ly  s i g n i f i c a n t  when t h e r e  is  a 
deple t ion  and poss ib l e  an invers ion  l a y e r  at t h e  sur face .  
similar t o  recombination within t h e  deple t ion  region of a p-n junc t ion .  
Surface recombination can be w r i t t e n  as 
The effect is 
s = s + sr, (1) 
0 
where S 
cont r ibu t ion  from recombination wi th in  t h e  space charge region.  
is  t h e  nomnal sur face  recombination ve loc i ty  and S 
0 r is t h e  
A sketch o f  
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t h e  t o t a l  surface recombination ve loc i ty  as a func t ion  of  normalized 
sur face  p o t e n t i a l  (Us = qV /kT) is shown i n  Figure 9 .  
approaches zero as k approaches zero as seen i n  t h e  f igu re .  
from space charge recombination has not  been recognized by many inves- 
t i g a t o r s  
The quant i ty  S 
S r 
Contributions 
I n  t h i s  work bulk l ifetime w a s  found t o  decrease i n  i r r a d i a t e d  material 
i n  a manner similar t o  t h a t  observed by o the r  i n v e s t i g a t o r s  [S I .  
da t a  are shown i n  Figure 1 0  as a func t ion  of r ec ip roca l  temperature and 
a t  var ious i r r a d i a t i o n  l e v e l s .  The s o l i d  curves are computer f i t s  t o  t h e  
normal, s i n g l e  levee Schokley-Read model. 
Typical 
The changes i n  su r face  recombination ve loc i ty  as a func t ion  of gamma 
ray  exposure t i m e  are shown i n  Figures 11 and 1 2  f o r  n- and p-type material 
r e spec t ive ly .  
i nc rease  f o r  n-type material with increased i r r a d i a t i o n  t i m e ,  while for  
p-type material t h e r e  is only a s l i g h t  increase  i n  sur face  recombination 
ve loc i ty  with increas ing  i r r a d i a t i o n  time. 
sur face  l ifetime as a func t ion  of r ec ip roca l  temperature and a t  var ious 
i r r a d i a t i o n  times are shown i n  Figure 13. The s o l i d  l i n e s  are computer 
curve f i ts  t o  a s i n g l e  level recombination model f o r  su r face  recombination. 
Surface l i f e t i m e  is  observed t o  i n i t i a l l y  decrease and then 
Typical experimental  da t a  f o r  
The changes i n  su r face  recombination ve loc i ty  as shown i n  Figures 11 
and 1 2 ,  have been explained qua la t ive ly  by t h e  model shown i n  Figure 9 .  
This f i g u r e  shows t h a t  S depends on su r face  p o t e n t i a l  as w e l l  as t h e  
o t h e r  material parameters of t h e  semiconductor. 
i r r a d i a t i o n  can change t h e  e f f e c t i v e  sur face  state charge of a semiconduc- 
t o r  and thus  change t h e  su r face  p o t e n t i a l .  
recombination ve loc i ty  with i r r a d i a t i o n  f o r  n-type material s t rong ly  suggests  
I t  is  a l s o  known t h a t  
The i n i t i a l  decrease i n  su r face  
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Figure 10. Bulk lifetime vs. r ec ip roca l  temperature for sample INA58-7. 
Values on t h e  curves are gamma ray  exposure i n  roentgens.  
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Figure 13, Surface lifetime vs. r ec ip roca l  temperature fo r  sample INA3/4-1/ 
Values on t h e  curves are gamma ray  exposure i n  roentgens.  
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t h a t  su r f ace  p o t e n t i a l  changes with i r r a d i a t i o n  are playing a s t rong  
p a r t  i n  t h e  observed changes i n  sur face  recombination. 
cause, i f  anything, an increase i n  t h e  densi ty  of sur face  recombination 
sites and t h i s  alone can only lead  t o  an increase  i n  surface recombination 
ve loc i ty .  
r a t h e r  l a r g e  changes i n  sur face  recombination. 
t h e  changes i n  sur face  p o t e n t i a l  due t o  i r r a d i a t i o n  are l a rge ly  responsible  
f o r  t h e  observed changes i n  surface recombination ve loc i ty .  
is q u a l i t a t i v e l y  i n  agreement with t h e  observations f o r  both n- and p-type 
material i f  it is assumed t h a t  t h e  sur face  p o t e n t i a l  becomes more negative 
under i r r a d i a t i o n .  
t h e  photoconductive decay aparatus .  
Radiation should 
Also3changes i n  sur face  p o t e n t i a l  of only a f e w  kT/q can cause 
Thus it is concluded t h a t  
This model 
This hypothesis could not  be d i r e c t l y  t e s t e d  using 
The recombination cen te r  which dominates t h e  bulk l i f e t i m e  i n  n-type 
material was found t o  be d i f f e r e n t  from t h e  one which cont ro ls  t h e  l i fe -  
t i m e  i n  p-type material. 
c rea ted  by gamma r a d i a t i o n  w a s  found t o  be loca ted  a t  0.40 ev below t h e  
conduction band edge and is assoc ia ted  with a phosphorus-vacancy - complex 
i n  t h e  c r y s t a l ,  
a t  0.18 ev  above t h e  valence band edge. 
t h e  first t i m e  such a recombination center  has been observed i n  p-type 
f l o a t  zone r e f ined  material, 
I n  n-type material t h e  recombination center  
I n  p-type material, t h e  center  w a s  found t o  be loca ted  
I t  is bel ieved t h a t  t h i s  is 
The temperature v a r i a t i o n  of sur face  l ifetime obeyed t h e  one- 
l e v e l  Shockley-Read equation f o r  l i f e t i m e ,  
be  loca ted  a t  t h e  su r face ,  however, s ince  t h e  pos i t i on  of t h i s  l e v e l  
changed with each add i t iona l  exposure t o  gamma rad ia t ion .  
of material t h e  loca t ion  of  t h e  sur face  recombination l e v e l  w a s  near ly  t h e  
N o  s i n g l e  energy l e v e l  could 
For both types 
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same with r e spec t  t o  t h e  band edges, being approximately 0.25 ev  above t h e  
valence band f o r  n-type material and approximately 0.2 ev below t h e  conduc- 
t i o n  band for  p-type material. 
2.3, The Effects of t h e  Surface P o t e n t i a l  
on t h e  Surface Recombination Velocity 
a t  a Si l icon-Si l icon  Oxide I n t e r f a c e  C41 
The work on surface recombination descr ibed i n  t h e  previous s e c t i o n  
gave r ise t o  t w o  ques t ions  which were inves t iga t ed  i n  t h i s  phase of t h e  
research.  The experimental  evidence ind ica ted  t h a t  i r r a d i a t i o n  effects 
on su r face  recombination were g r e a t l y  inf luenced by su r face  p o t e n t i a l  
changes due t o  t h e  i r r a d i a t i o n .  
not  permit a unique determination of t h e  r e l a t i v e  importance of su r face  
The photoconductive decay technique d id  
p o t e n t i a l  changes as opposed t o  r a d i a t i o n  induced su r face  recombination 
l e v e l s .  In. add i t ion ,  t h e  work was done on unpassivated s i l i c o n  samples 
while most present  day devices  have an i n s u l a t i n g  l a y e r  of s i l i c o n  dioxide 
on the  sur face .  Surface recombination would not  be t h e  same for chemically 
pol i shed  sur faces  and surfaces with a thermally grown oxide. 
Thus a research  p r o j e c t  w a s  undertaken with t h e  ob jec t ive  of developing 
a technique f o r  simulataneously measuring both sur face  p o t e n t i a l  and 
su r face  recombination ve loc i ty .  
of an MOS, f i e l d - e f f e c t  s o l a r  cell .  A sketch of t h i s  device is shown i n  
Figure 14. 
This w a s  accomplished through t h e  use 
The s t r u c t u r e  is a combination MOS device and a solar cell .  
The g a t e  of t h e  MOS device has a f a i r l y  t ransparent  e l ec t rode  of aluminum. 
Light passing through t h e  g a t e  produces hole-electron p a i r s  i n  t h e  semicon- 
ductor  and p a r t  of  t hese  carriers can be co l l ec t ed  by t h e  p-n junc t ion  
which func t ions  as a s o l a r  cell .  
1 0  ohm-cm 0,s m i l  th ick ' ,  e p i t a x i a l  p-type l a y e r  on a 0.02 ohm-cm n-type s u b s t r a t e .  
The semiconductor region cons is ted  of a 
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Figure 14 Sketch of a f i e l d  e f f e c t  device f o r  determining the  
su r face  recombination ve loc i ty  versus  su r face  p o t e n t i a l  
a t  the  s i l i c o n - s i l i c o n  dioxide i n t e r f a c e  
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The b a s i c  idea  of t h e  MOS solar cel l  is t h a t  a t  any given ga te  
vol tage  one can measure both t h e  MOS capaci tance and t h e  s h o r t  c i r c u i t  
cu r ren t  of  t h e  p-n junct ion.  
any su r face  recombinafion, so su r face  recombination can be determined from 
t h e  cu r ren t  measurements. 
determined from MOS capaci tance measurements. 
be  determined as a func t ion  of  su r face  p o t e n t i a l .  
The s h o r t  c i r c u i t  cur ren t  is inf luenced by 
The corresponding su r face  p o t e n t i a l  can be 
Thus su r face  recombination can 
During t h e  course of t h e  research ,  a d d i t i o n a l  s t u d i e s  were c a r r i e d  
out  on the  theory of su r face  recombination, 
s h o r t  c i r c u i t  cur ren t  f o r  t h e  MOS s o l a r  c e l l  w a s  developed i n  t e r m s  of  
t h e  su r face  recombination ve loc i ty .  
effect of  a sur face  space charge region on su r face  recombination as 
w e l l  as s t u d i e s  of t h e  e f f e c t s  of excess carrier d e n s i t i e s  on su r face  
recombination, I n  add i t ion ,  a model f o r  surface recombination f o r  surface 
states d i s t r i b u t e d  i n  energy a t  t h e  su r face  w a s  s tud ied .  
much a d d i t i o n a l  i n s i g h t  i n t o  su r face  recombination. 
are contained i n  Reference 4. 
which is  t h e  v a r i a t i o n  of  sur face  recombination ve loc i ty  with su r face  poten- 
t i a l  for a uniform d i s t r i b u t i o n  o f  recombination l e v e l s .  A s  shown i n  
t h e  f i g u r e ,  r a t h e r  low values of excess carrier dens i ty  can r e s u l t  i n  r a t h e r  
l a r g e  reduct ions i n  t h e  su r face  recombination ve loc i ty .  
A t h e o r e t i c a l  model for t he  
Studies  were p l so  continued on t h e  
This work provides 
Details of t h i s  work 
%Figure 15  shows one example of t h i s  work 
Many devices  with t h e  geometry shown i n  Figure 1 4  were b u i l t  and 
experimentally inves t iga ted .  
which were commercialAy purchased. 
a l loy ing ,  and pho to res i s t  techniques were used i n  processing o f  t h e  devices.  
They were constructed on e p i t a x i a l  p-n wafers 
Standard oxida t ion ,  meta l iza t ion ,  
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'Normalized Surface Recombination Velocity 
Figure 15 The variation in surface recombination velocity for a 
uniform recombination center distribution with excess 
carrier concentration 
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Simultaneous measurements were made on t h e  completed devices  of both 
MOS capaci tance and s h o r t  c i r c u i t  cu r ren t  using an experimental  arrange- 
ment shown i n  Figure 16, 
devices are shown i n  Figures 17 and 18. 
f a c t o r  are t y p i c a l  of those  observed on MOS devices .  
cu r ren t  measurements were found t o  be dependent on t h e  sweep rate as shown 
i n  Figure 18, These t i m e  v a r i a t i o n s  i n  t h e  su r face  recombination ve loc i ty  
were t r a c e d  t o  su r face  leakage over t h e  oxide beyond t h e  edges of t h e  
gate r e s u l t i n g  i n  a spreading space charge l a y e r  beyond t h e  edges of  t h e  
ga te .  
MOS measurements and prohib i ted  accura te  da t a  i n  t h i s  region on su r face  
recombination. 
Typical measurements for t h e  MOS s o l a r  ce l l  
The capaci tance and d i s s i p a t i o n  
The s h o r t  c i r c u i t  
This phenomena occured i n  t h e  deple t ion  and invers ion  region of t h e  
From measurements such as those  shown i n  Figure 17  and 1 8  and from 
t h e  mathematical model deve1oped)it was poss ib l e  t o  determine t h e  su r face  
recombination ve loc i ty  as a func t ion  of su r face  p o t e n t i a l .  
measurements are shown i n  Figure 1 9 .  The s o l i d  curve is  a f i t  of  t h e  
model t o  t h e  experimental  da ta .  The experimental  measurements could 
not  be extended i n t o  t h e  invers ion  space charge ree ion  where su r face  
deple t ion  region recombination dominates because of t h e  d i f f i c u l t y  
mentioned above i n  obta in ing  reliable da ta  on s h o r t  c i r c u i t  cur ren t  i n  
t h i s  region. 
Typical 
A s  seen i n  t h e  f i g u r e ,  surface recombination was found t o  be 
s t rong ly  dependent on su r face  p o t e n t i a l  varying 
zero  t o  a maximum value ranging from 1 x l o 4  t o  
From t h e  MOS capaci tance measurements, t h e  
The sur face  state dens i ty  w a s  also determined. 
from a minimum value near  
4 5 x 1 0  cm/sec. 
e f f e c t i v e  surface state 
dens i ty  ranged from 5 x 10  11 
12 -2 -1 t o  1 x 1 0  c m  ev  a Typical  da t a  are shown i n  Figure 20. The r a t i o  
of  hole-to-electron capture  p r o b a b i l i t i e s  a t  t h e  su r face  was found t o  be 
-17 
44, while t h e  capture  c ros s  sec t ions  were est imated t o  be  i n  t h e  10 t o  
10-19 2 c m  range. 
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Figure 1 9  Surface recombination velocity versus 
surface potential for device no. 42 
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The o r i g i n a l  i n t e n t  of t h i s  phase of t h e  research w a s  t o  develop an 
experimental technique which could be used t o  separa te  c u t  i r r a d i a t i o n  
induced changes i n  surface recombination due t o  sur face  p o t e n t i a l  changes 
and those due t o  an increase  i n  sur face  recombination state densi ty .  It 
is bel ieved t h a t  t h e  present  technique has been developed and s tudied  t o  
t h e  poin t  where such measurements can be made. 
work, however, another technique has been reported f o r  making such measure- 
ments, and d e t a i l e d  experimental data has been reported on t h e  effect of 
i r r a d i a t i o n  on changes i n  sur face  recombination l e v e l s  C131. The r e s u l t s  
of t h i s  work are e s s e n t i a l l y  t h a t  i r r a d i a t i o n  does increase t h e  dens i ty  
of sur face  recombination l e v e l s  and t h a t  t he  increased densi ty  of recom- 
b ina t ion  l e v e l s  is  e s s e n t i a l l y  equal  t o  the  increased densi ty  of sur face  
states from i r r a d i a t i o n  as obtained from C-V measurements. Because of these  
measurements which have been reported,  de t a i l ed  measurements on i r r a d i a t e d  
devices were not  made. 
as t o  why t h e  MOS s o l a r  ce l l  cannot be used t o  make such measurements. 
The addi t ion  of a ga te  guard r i n g  can el iminate  many of t h e  t i m e  dependent 
effects observed on the  devices used i n  t h i s  work. 
During t h e  course of t h i s  
There appears t o  be no fundamental reason, however, 
2.4. Charge Transients  i n  Aluminum-Silicon 
Nitr ide-Si l icon Capacitors C5l C141 
This phase of t h e  research was i n i t i a l l y  intended t o  be an almost 
i d e n t i c a l  extension of t h e  work on i r r a d i a t i o n  effects i n  steam oxide 
MOS devices t o  metal- insulator-s i l icon capac i tors  with s i l i c o n  n i t r i d e  as 
the  in su la t ing  layer.. 
f ea tu re s ,  they do have some undesirable proper t ies .  
of ions i n  Si0 
While oxide in su la t ing  l aye r s  have many des i r ab le  
The l a rge  mobili ty 
l aye r s  and t h e  r e l a t i v e l y  l a rge  i r r a d i a t i o n  effects are 2 
38 
two such undesirable  features. Severa l  o the r  i n s u l a t o r s  have been i n v e s t i -  
gated i n  r ecen t  years  i n  an attempt t o  f i n d  a more stable and less rad ia-  
t i o n  s e n s i t i v e  material, with s i l i c o n  n i t r i d e  being one such material. 
The s i l i c o n  n i t r i d e  MIS capac i tors  used i n  t h i s  work were obtained 
from Texas Instruments while one of  t h e  ind iv idua ls  engaged i n  t h i s  research 
was employed t h e r e  during t h e  summer. 
t hese  devices a v a i l a b l e  for  s tudy.  
p y r o l y t i c a l l y  deposi ted on s i l i c o n  s u b s t r a t e s  using SiH4 and NH3 i n  an 
excess hydrogen atmosphere E151 E161. 
t h e  1 ,000  Ao range. 
of aluminum and mounting on TO-5 headers.  
t h e  f i l m s  were noted depending on t h e  deposi t ion parameters.  
We are indebted t o  T I  for making 
The s i l i c o n  n i t r i d e  f i l m s  were 
Thicknesses of  t h e  f i l m s  were i n  
MIS devices were completed by t h e  f i lament  evaporation 
Some de tec t ab le  d i f fe rences  i n  
A l l  of  t h e  s i l i c o n  n i t r i d e  devices t e s t e d  exh ib i t ed  r a t h e r  l a r g e  room 
temperature charge i n s t a b i l i t i e s .  
h y s t e r e s i s  i n  t h e  C-V p l o t s  and by t i m e  dependent C-V effects as shown 
i n  Figure 21 ,  
following procedure: 
This was exhib i ted  by a l a r g e  
These C-V curves were recorded on an X-Y recorder  by t h e  
1, 
2. 
3. 
4. 
Set  t h e  extreme b i a s  po in t s  and ground re ference  po in t  accura te ly  
for t h e  motor-driven b i a s  supply.  
Make a t  least one complete sweep o f  t h e  b i a s ,  pen up, switching 
t h e  d i r e c t i o n  of t h e  trace immediately a t  each extreme. 
Stop a t  t h e  negat ive extreme and hold,  pen up, for  30 seconds. 
(Negative b i a s  means t h e  aluminum contac t  is negat ive) .  
Sweep p o s i t i v e  and a t  t h e  p o s i t i v e  extreme immediately switch 
t o  negat ive sweep and lower pen. 
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5 .  A t  t h e  negat ive extreme immediately switch t o  p o s i t i v e  sweep 
with pen down. 
A t  p o s i t i v e  extreme hold f o r  'c seconds with pen up. 6. 
7, Sweep negat ive,  pen down. 
8. A t  negat ive extreme, switch t o  p o s i t i v e  sweep such t h a t  t h e  
second (and succeeding) trace fa l l s  upon t h e  first pos i t i ve -  
going trace ( s t e p  5 ) .  
a delay of up t o  a f e w  seconds at  t h e  negat ive extreme. 
For longer hold times, t h i s  may r equ i r e  
9, Repeat s t e p s  6 through 8 f o r  longer values of T. 
Since t h e  posi t ive-going trace on t h e  C-V p l o t  i s  always reproducible ,  
t h e  n i t r i d e  has t h e  same n e t  p o s i t i v e  charge a t  t h e  beginning of  each mea- 
surement. Thus each trace rep resen t s  a sepa ra t e  charge t r a n s i e n t  measure- 
ment f o r  t h a t  value of T. 
of' +20 v o l t s  and a b i a s  sweep of +20 v o l t s  t o  -20 v o l t s .  
The curves i n  Figure 2 1  are f o r  a b i a s  hold 
The s h i f t  i n  f la t  band vol tage  f o r  t h e  C-V curves can be converted 
i n t o  an e f f e c t i v e  dens i ty  AN 
semiconductor i n t e r f a c e ,  as a func t ion  of  t h e  
p o s i t i v e  b i a s  hold t i m e  are shown i n  Figures 22 and 23 f o r  t w o  d i f f e r e n t  
devices ,  
wi th in  t h e  i n s u l a t o r .  
c m  f o r  b i a s  hold times between 1 0  sec and 100 sec. 
of charge i n  t h e  i n s u l a t o r  a t  t h e  in su la to r -  
S 
Typical values  of  AN 
S 
The quan t i ty  AN approximates t h e  t o t a l  change i n  carrier dens i ty  
The changes are seen t o  be on t h e  order  of 10l2 charges/ 
S 
2 
The r a p i d  changes i n  i n s u l a t o r  charge make it d i f f i c u l t  t o  i n t e r p r e t  t h e  
experimental  r e s u l t s  in terms of a phys ica l  model, Qua-Etat ively t h e  exper- 
fmental r e s u l t s  chn be explairied in ' two way'a. The C-V'shiift"with bias for. 
S i  N 
be explained by an e i e c t r o n i c  type of  charge t r a n s f e r  of e i t h e r  e l ec t rons  
o r  holes  across t h e  insulator-semiconductor i n t e r f a c e  o r  by a very l a rge  
dens i ty  of i n t e r f a c e  states. 
i s  i n  t h e  opposi te  d i r e c t i o n  t o  t h a t  observed f o r  Si0 This can only 3 4  2 '  
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The model of  charge t r a n s f e r  ac ross  t h e  i n t e r f a c e  between t h e  s e m i -  
conductor and i n s u l a t o r  has been s tud ied  i n  some d e t a i l  i n  t h i s  research.  
Even assuming t h i s  type of charge motion and neglec t ing  su r face  s t a t e s  
t h e r e  are s t i l l  two poss ib l e  models f o r  t h e  observed i n s t a b i l i t y .  
charge is re l eased  from t r a p s  wi th in  t h e  i n s u l a t o r  and flows ou t  of  t h e  
i n s u l a t o r ,  or charge is i n j e c t e d  i n t o  t h e  i n s u l a t o r  where it subsequently 
becomes t rapped.  Both of  t hese  p o s s i b i l i t i e s  have been s tud ied  i n  t h i s  work 
and were found t o  p r e d i c t  similar t i m e  behaviors .  The exact  phys ica l  model 
f o r  t h e  i n s t a b i l i t y  could not be deduced from t h e  work performed i n  t h i s  phase 
E i the r  
of t h e  work. 
The s i l i c o n  n i t r i d e  devices were i r r a d i a t e d  with gamma rays  f o r  varying 
During t h e  i r r a d i a t i o n ,  t i m e  per iods up t o  a t o t a l  t i m e  per iod of 35 hours.  
t h e  gate e l ec t rode  was shor ted  t o  t h e  semiconductor. The capac i tors  showed 
no de tec t ab le  effects of t h e  i r r a d i a t i o n .  There was no observable s t r u c t u r a l  
damage or any change i n  d i e l e c t r i c  cons tan t .  Capacitance-voltage measure- 
ments similar t o  those  shown i n  Figure 2 1  were made both before  and af ter  ir- 
rad ia t ion .  
e s s e n t i a l l y  t h e  same as before  i r r a d i a t i o n .  
i n s u l a t o r  charge, t h e  i r r a d i a t i o n  could have been producing an i n i t i a l  change 
i n  t h e  i n s u l a t o r  charge which was then  re leased  or compensated before  t h e  
a c t u a l  C-V measurements were made some t i m e  later.  
measurements taken i n  t h i s  work, no gamma i r r a d i a t i o n  effects were detected.  
Further  i r r a d i a t i o n  s t u d i e s  were not undertaken s ince  S i  N is  not  an attrac- 
t i v e  i n s u l a t o r  f o r  metal-insulator-semiconductor devices  unless  some means 
can be found for  e l imina t ing  t h e  e l e c t r o n i c  i n s t a b i l i t y .  
Both t h e  i n i t i a l  f n s u l a t o r  charge and t h e  charge change were 
Because of  t h e  r ap id  changes i n  
Within t h e  accuracy of t h e  
3 4  
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2.5. E lec t ron ic  I n s t a b i l i t i e s  i n  Metal-Insulator- 
Semiconductor Devices C6l 
This research  p ro jec t  r e s u l t e d  from t h e  work discussed i n  t h e  previous 
sec t ion .  
on s i l i c o n  n i t r i d e  capac i to r s ,  it became aparent  t h a t  l i t t l e  usefu l  
When t h e  i n i t i a l  a t tempts  were made t o  s tudy i r r a d i a t i o n  effects 
information could be obtained u n t i l  a more complete understanding o f  
t h e  i n s t a b i l i t y  present  i n  these  devices was obtained. The previous work 
showed t h a t  t h e  b i a s  dependent changes i n  i n s u l a t o r  charge were opposi te  
t o  t h a t  i n  S i0  
n i t r i d e .  Thus a more thorough inves t iga t ion  was undertaken t o  understand 
f i l m s  and opposi te  t o  t h a t  of i o n  motion wi th in  t h e  s i l i c o n  2 
t h i s  e l e c t r o n i c  type of i n s t a b i l i t y  i n  MIS s t r u c t u r e s .  
A study of t h e  var ious pos ib le  type of i n s t a b i l i t i e s  i n  MIS s t ruc -  
t u r e s  shows t h a t  t h e  type of  i n s t a b i l i t y  present  with s i l i c o n  n i t r i d e  
can only arise f r o m  e l e c t r o n i c  type of i n t e r f a c e  states or from e l ec t ron  
and hole  i n j e c t i o n  from t h e  semiconductor i n t o  t h e  i n s u l a t o r  where t h e  
carriers subsequently become trapped.  The change i n  i n s u l a t o r  or sur face  
state charge fol lowing t h e  app l i ca t ion  of a b i a s  vol tage is found t o  
experimentally depend on t i m e  t approximately as l n ( t ) .  
i s  cons i s t en t  with Schottky b a r r i e r  i n j e c t i o n  i n t o  t h e  i n s u l a t o r  and 
t h e  subsequent t rapping  of t h e  carriers. Thus Schottky b a r r i e r  in jec t ion  
This behavicr  
of e l ec t rons  and holes  over r e l a t i v e l y  low b a r r i e r s  between t h e  s i l i c o n  
n i t r i d e  and t h e  semiconductor are thought t o  be respons ib le  f o r  t h e  
i n s t a b i l i t y  present  i n  s i l i con  n i t r i d e  f i l m s .  
f o r  t h i s  Schottky b a r r i e r  i n j e c t i o n  and shown t o  be i n  genera l ly  good 
A model has been developed 
agreement with t h e  experimental  da t a  [SI.  
Typical i n s t a b i l i t i e s  present  i n  s i l i c o n  n i t r i d e  f i l m s  are shown i n  
Figure 24, which shows t h e  f la t -band vol tage of an MIS capac i tor  following 
45 
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Figure 24. Typical s h i f t  i n  f la t -band voltage with t i m e  under p o s i t i v e  
and negat ive b i a s  for  Si3N4 devices 
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t h e  app l i ca t ions  of a p o s i t i v e  b i a s  vol tage and a negat ive b i a s  vol tage .  
The f la t -band  vol tage was measured by tak ing  fast C-V b i a s  sweeps (50 msec 
from -25v t o  +25v) t o  minimize changes i n  the  device during t h e  C-V 
sweep. 
t h e  t h e o r e t i c a l  model. 
Figures 25 and 26 show similar da t a  for another  device compared with 
It is seen t h a t  s i g n i f i c a n t  changes i n  t h e  f la t -band 
vol tage occur over many orders  of magnitude i n  t i m e .  A s  seen i n  t h e  f i g u r e s  
times longer than 10 sec are normally requi red  a t  and below room temperature 5 
for t h e  i n s t a b i l i t y  t o  reach a s teady state following a b i a s  vol tage change. 
I 
From t h e  experimental  measurements and t h e  t h e o r e t i c a l  model, b a r r i e r  
he ights  f o r  e l ec t ron  and hole  i n j e c t i o n  i n t o  t h e  i n s u l a t o r  from t h e  s i l i con  
have been est imated as w e l l  as an est imat ion obtained f o r  t h e  t o t a l  band- 
gap i n  t h e  s i l i c o n  n i t r i d e  i n s u l a t o r .  The b a r r i e r s  f o r  ho les  and e l ec t rons  
have been found t o  be about 1.5ev t o  2.0ev. The b a r r i e r  f o r  ho le  i n j e c t i o n  
w a s  t y p i c a l l y  found t o  be a f e w  t e n t h s  f o r  an  ev smaller than t h e  b a r r i e r  
for e l ec t ron  i n j e c t i o n .  Variat ions i n  t h e  ind iv idua l  e l ec t ron  and hole  
b a r r i e r s  tended t o  be somewhat l a r g e r  than  the  va r i a t ions  i n  t h e  t o t a l  band- 
gap of t h e  s i l i c o n  n i t r i d e  which has been est imated t o  be 4.2ev + - 0.2ev. 
This value of band-gap which is obtained purely from t h e  charge i n s t a -  
b i l i t y  measurements is i n  good agreement with t h e  value of 4.5ev repor ted  
from o p t i c a l  measurements C171. 
This work on e l e c t r o n i c  i n s t a b i l i t i e s  i n  MIS devices has shed some 
l i g h t  on t h e  important problem of t h e  requirements f o r  charge s t a b l e  MIS 
devices.  A s  opposed t o  ions i n  t h e  i n s u l a t o r ,  Schottky b a r r i e r  i n j e c t i o n  is 
an inherent  f e a t u r e  of a l l  poss ib l e  insulator-semiconductor i n t e r f a c e s .  
Charge i n s t a b i l i t i e s  due t o  Schottky b a r r i e r  i n j e c t i o n  can only be 
el iminated i n  two ways. E i t h e r  t h e  t r a p  dens i ty  i n  t h e  i n s u l a t o r  must be 
extremely low so very f e w  carriers can become trapped or t h e  b a r r i e r  must 
be very high so f e w  carriers are i n j e c t e d  i n t o  t h e  i n s u l a t o r .  The e l imina t ion  
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of t r a p s  does not  appear t o  be f easab le  with present  techniques of  depos i t ing  
or growing i n s u l a t o r s .  
s i l i c o n  i n t e r f a c e  appears &o be t h e  only acceptable  so lu t ion  t o  t h e  Schottky 
b a r r i e r ,  e l e c t r o n i c  type of i n s t a b i l i t y .  This r equ i r e s  an i n s u l a t o r  with 
a band-gap of about 7 ev or l a r g e r  t o  minimize Schottky b a r r i e r  i n j e c t i o n  
5 
at  30OOC and f o r  t i m e s  less than  10 sec. S i l i c o n  dioxide fo r tuna te ly  
has a band-gap of t h i s  magnitude and t h i s  is probably t h e  reason t h e  
e l e c t r o n i c  type of i n s t a b i l i t y  has not  been a problem with these  devices .  
Thus t h e  use of a wide band-gap i n s u l a t o r  near  t h e  
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3 .  Discussion and Conclusions 
The research performed during t h e  pas t  fou r  years  on t h i s  grant has  
helped t o  provide a more complete understanding of i r r a d i a t i o n  e f f e c t s  
and i n  p a r t i c u l a r  of gamma i r r a d i a t i o n  effects on semiconductor surface 
and on metal-insulator-semiconductor devices.  
and by o the r  i n v e s t i g a t o r s  during t h e  p a s t  f e w  years  a f a i r l y  cons i s t en t  
p i c t u r e  has energed as t o  i r r a d i a t i o n  effects on semiconductor surfaces. 
P r a c t i c a l l y  a l l  semiconductor devices and e spec ia l ly  recent devices have 
some type of  i n s u l a t i n g  l a y e r  over t h e  semiconductor which acts as a 
su r face  pass iva t ion  technique and i n  t h e  case of  MIS devices is an 
i n t e g r a l  p a r t  of t h e  a c t u a l  device.  
on semiconductor su r faces ,  t h e  ques t ion  of i r r a d i a t i o n  effects on t h e  
i n s u l a t i n g  l a y e r  becomes of extreme importance i n  determining t h e  complete 
effect of t h e  i r r a d i a t i o n  on t h e  semiconductor. 
From t h e  work performed here  
Thus i n  consider ing i r r a d i a t i o n  effects 
For s i l i c o n  with a thermally grown oxide l a y e r ,  t he  effects of irra- 
d i a t i o n  have now become p r e t t y  w e l l  understood+t least q u a l i t a t i v e l y .  
I r r a d i a t i o n  with e i t h e r  gamma rays  or e lec t rons  has two major effects. 
F i r s t ,  t h e r e  is an inc rease  i n  the  dens i ty  of  e l e c t r o n i c  states wi th in  t h e  
energy gap a t  t h e  insulator-semiconductor i n t e r f a c e .  This leads  t o  an 
increase  with i r r a d i a t i o n  of su r face  recombinations almost d i r e c t l y  pro- 
po r t iona l  t o  t h e  increased su r face  state dens i ty ,  This also is  de tec ted  
by a d i s t o r t i o n  of t h e  shape of t h e  C-V c h a r a c t e r i s t i c  of an MOS device.  
The second major effect of i r r a d i a t i o n  is a change i n  t h e  charge wi th in  
t h e  oxide. 
oxide. 
wi th in  t h e  oxide wi th  t h e  t rapping  of e s s e n t i a l l y  a l l  of t h e  holes  while  
This is normally an inc rease  i n  t h e  p o s i t i v e  charge wi th in  t h e  
This is  be l ieved  t o  be  due t o  t h e  c rea t ion  of electron-hole  p a i r s  
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many of t h e  e l ec t rons  are a b l e  t o  get out  of t h e  oxide. 
g r e a t l y  enhanced by t h e  presence of a b i a s  vol tage during i r r a d i a t i o n  
which a i d s  i n  removing t h e  c rea t ed  e l ec t rons .  This charge can be annealed 
out  a t  e leva ted  temperatures,  but  because of t h e  f a i r l y  deep hole  t r a p s ,  
t h e  charge can remain e s s e n t i a l l y  constant  a t  room temperature f o r  long 
per iods of t i m e .  
semiconductor by changes i n  t h e  su r face  p o t e n t i a l  at  t h e  semiconductor 
su r face ,  and consequently i n  such sur face  p rope r t i e s  as su r face  recom- 
b i  n a t  i on  e 
This effect is 
The changes i n  oxide charge are r e f l e c t e d  i n  t h e  
The experimental  and t h e o r e t i c a l  s t u d i e s  undertaken i n  t h i s  work have 
helped t o  v e r i f y  t h e  above genera l  p i c t u r e  and t o  give d e t a i l e d  in fo r -  
mation on gamma i r r a d i a t i o n  e f f e c t s  on s i l i c o n  sur faces .  
t h e  s t u d i e s  of i r r a d i a t i o n  on. steam grown Si0 MOS s t r u c t u r e s  have 
shown t h e  increases  i n  i n t e r f a c e  states as w e l l  as the  i r r a d i a t i o n  
induced changes i n  oxide charge. The study of  sur face  recombination i n  
i r r a d i a t e d  s i l i c o n  has i l l u s t r a t e d  t h e  inf luence of i r r a d i a t i o n  induced 
changes i n  su r face  p o t e n t i a l  on su r face  recombination and shown t h e  
necess i ty  for knowing t h e  su r face  p o t e n t i a l  i n  
p r e t  su r f ace  recombination da ta .  
oped f o r  simultaneously measuring both su r face  p o t e n t i a l  and surface 
recombination. 
a s o l a r  cell .  
In  p a r t i c u l a r  
2 
order  t o  properly i n t e r -  
I n  add i t ion  a new technique w a s  devel- 
This technique makes use of a combined MOS device and 
The major f e a t u r e s  of i r r a d i a t i o n  on semiconductors with i n s u l a t o r s  
o t h e r  than  thermally grown oxides are expected t o  be similar t o  those 
of t h e  oxides.  Attempts however t o  perform similar s t u d i e s  on s i l i c o n  
n i t r i d e  in su la t ed  s i l i c o n  have l e d  t o  d i f f i c u l t i e s  because of  t h e  room 
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temperature charge i n s t a b i l i t i e s  present  with these  films. 
has been found t o  be e n t i r e l y  d i f f e r e n t  from t h e  i o n i c  i n s t a b i l i t y  found 
i n  oxide devices .  This has been s tud ied  i n  d e t a i l  and i s  bel ieved t o  be 
due t o  Schottky b a r r i e r  i n j e c t i o n  of e l ec t rons  and holes  i n t o  t h e  n i t r i d e  
f i l m  from t h e  s i l i c o n .  A model explaining t h i s  effect has been developed 
and some of t h e  consequences of t h i s  phenomena on bui ld ing  s t a b l e  
i r r a d i a t i o n  i n s e n s i t i v e  devices have been discussed. 
This i n s t a b i l i t y  
The major effects of i r r a d i a t i o n  on semiconductor sur face  p rope r t i e s  
are now f a i r l y  w e l l  understood. 
t h i s  information t o  improve the  p rope r t i e s  of semiconductor devices which 
must operate  i n  an i r r a d i a t i o n  environment. 
development of an i n s u l a t o r  pass iva t ion  technique which does not show a 
l a rge  build-up 
mult i layered i n s u l a t o r  w i t h  thermally grown Si0  as t h e  in su la to r  near  
t h e  s i l i c o n  i n t e r f a c e .  There is a wide choice of i n su la to r s  t o  use i n  
combination with Si0 
t iga t ed  
The remaining t a s k s  concern how t o  use 
The most press ing  need is t h e  
of charge under i r r a d i a t i o n .  This w i l l  probably be a 
2 
and many of t hese  are j u s t  beginning t o  be inves- 2 
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